Fraxedas, J.; Lee, Y.-J.; Jimenez, I.; Gago, R.; Nieminen, R.M.; Ordejon, P.; Canadell, E. We report a combined experimental and theoretical study of the unoccupied electronic states of the neutral molecular organic materials TTF ͑tetrathiafulvalene͒ and TCNQ ͑7,7,8,8-tetracyano-p-quinodimethane͒ and of the one-dimensional metallic charge transfer salt TTF-TCNQ. The experimental density of states ͑DOS͒ is obtained by x-ray absorption near edge spectroscopy ͑XANES͒ with synchrotron light and the predicted DOS by means of first-principles density functional theory calculations. Most of the experimentally derived elementspecific XANES features can be associated to molecular orbitals of defined symmetry. Because of the planar geometry of the TTF and TCNQ molecules and the polarization of the synchrotron light, the energy dependent or character of the orbitals can be inferred from angular dependent XANES measurements. The present work represents the state of the art analysis of the XANES spectra of this type of materials and points out the need for additional work in order to elucidate the governing selection rules in the excitation process.
I. INTRODUCTION
The successful marriage between the tetrathiafulvalene ͑TTF, C 6 S 4 H 4 ) donor and the 7,7,8,8-tetracyanop-quinodimethane ͑TCNQ, C 12 N 4 H 4 ) acceptor, which led to the first truly molecular metal, 1 opened a vast area of research which thirty years later remains as lively and exciting as ever. 2 TTF-TCNQ exhibits a monoclinic crystal structure 3 built up from parallel segregated stacks of donors ͑TTF͒ and acceptors ͑TCNQ͒ ͑see Fig. 1͒ . Due to the -interactions along the stacks (b direction͒ and the weak interactions between molecular chains, the electrical conductivity is highly anisotropic with typical values of b ϳ600-900 ⍀ Ϫ1 cm
Ϫ1
and b / a ϳ10 3 at room temperature, where a and b stand for the conductivity along the a and b axes, respectively, increasing to a maximum value close to 6ϫ10 3 near 60 K. 4 TTF-TCNQ is thus a quasi-one-dimensional metal and exhibits a series of transitions at 54, 49, and 38 K, which successively destroy the metallic conductivity of the TCNQ and TTF chains. 5 The discovery of TTF-TCNQ and its remarkable low-temperature behavior triggered an enormous interest on the physics of molecular conductors which soon led to the discovery of superconductivity in the molecular solid (TMTSF) 2 PF 6 ͑TMTSF: tetramethyltetraselenenafulvalene͒. 6 Since then molecular conductors have provided a seemingly endless series of exciting discoveries and TTF-TCNQ has remained as one of the emblems of the field. In fact, it is one of the materials best suited for the exploration of the physics of one-dimensional ͑1D͒ materials. 5 Despite the continued attention devoted to the physical characterization of TTF-TCNQ, some aspects of its electronic structure still remain ambiguous. Although some recent works on the experimental determination of the energy dispersion of the occupied states by means of high resolution angle resolved photoemission spectroscopy ͑ARPES͒ have been published, [7] [8] [9] little is known concerning the unoccupied levels region of the band structure. Information on the density of unoccupied electronic states of TTF-TCNQ has been obtained with inelastic electron scattering spectroscopy ͑IESS͒ in transmission mode with 300 keV electrons. 10 The surfaces of molecular organic materials are in general very sensitive to irradiation, so that impinging electrons may induce irreversible damage. Results derived from inverse photoemission spectroscopy ͑IPS͒ might be also questionable ©2003 The American Physical Society 68 195115-1 unless low energy electrons ͑around 10-20 eV͒ and low beam currents are used as in low energy electron diffraction ͑LEED͒ experiments. 11 Since molecular materials are less sensitive to x-ray photons, x-ray absorption near edge spectroscopy ͑XANES͒ represents an interesting alternative. This technique is based on the induction of intra-atomic interband transitions from core levels to empty states caused by incident x rays of sufficient energy. 12 Therefore, the partial ͑ele-ment selective͒ density of unoccupied states corresponding to the electronic excited state with one core hole, which can be used in a first approximation as the image of the unoccupied states in the electronic ground state, is obtained. 13 A closely related technique, which would give complementary information, is angle resolved constant initial state ͑ARCIS͒ spectroscopy. 14 Here we report a XANES study of the density of unoccupied states of TTF-TCNQ salt as well as of neutral TTF and TCNQ. These results are analyzed on the basis of a comparison with first-principles density functional theory ͑DFT͒ calculations for the three materials, which also allow us to discuss in detail the nature of the partially filled bands of TTF-TCNQ. Thus, we believe that the present work provides the most complete description of the electronic structure of these materials reported so far.
II. EXPERIMENTAL
Thin TTF-TCNQ films ͑thickness ϳ1 m) have been obtained by thermal sublimation in high vacuum (ϳ10 Ϫ6 mbar) of recrystallized TTF-TCNQ powder. Ex situ cleaved KCl͑001͒ surfaces were used as substrates, held at room temperature during deposition. The films are oriented with their molecular ab planes parallel to the substrate surface and consist of highly oriented and strongly textured rectangular-shaped microcrystals, with their a and b axes parallel to both ͓110͔ and ͓1 10͔ substrate directions, respectively, due to the cubic symmetry of the substrate. 15 The mean length of the microcrystals along their long axis (b direction͒ is around 1.5 m. Thin films of neutral TTF and TCNQ were prepared from their microcrystalline powders by suspension in ethanol and by stirring and deposition on a silicon wafer immersed in the suspension. The information on the spatial distribution of empty states is obtained by performing XANES measurements at different angles of incidence of the x-ray light, taking advantage of the intrinsic linear polarization of synchrotron radiation. The example of graphite is illuminating, since from initial s states ͑i.e., symmetric with respect to the molecular plane͒ or ͑i.e., antisymmetric with respect to the molecular plane͒ final states are selected when the light polarization vector E lies parallel or perpendicular to the basal plane, respectively. 16 In general, intramolecular transitions, i.e., 1s→* and 1s →*, in molecules containing C, N, and O atoms are strongly polarized. 17 The XANES measurements were performed at the SACEMOR endstation ͑beamline SA72͒ of the Laboratoire pour l' Utilisation du Rayonnement Electromagnetique ͑LURE͒ in Orsay, France and at the beamline 8.2 of the Stanford Synchrotron Radiation Laboratory ͑SSRL͒ in Stanford, CA. The data were acquired in the total electron yield mode by measuring with an ammeter the current drain to ground. The signal was normalized to the simultaneously recorded photocurrent from a gold-covered grid.
III. COMPUTATIONAL DETAILS
The present calculations were carried out using a numerical atomic orbitals DFT ͑Ref. 18͒ approach, which has been recently developed and designed for efficient calculations in large systems and implemented in the SIESTA code. 19 We have used the generalized gradient approximation to the exchange correlation energy and, in particular, the functional of Perdew, Burke, and Ernzerhof. 20 Only the valence electrons are considered in the calculation, with the core being replaced by norm-conserving scalar relativistic pseudopotentials 21 factorized in the Kleinman-Bylander form. 22 For the nonlinear core-valence interaction, the partial-core correction scheme was used for all elements except for hydrogen. 23 We have used the following type of basis set: triple-for the s orbitals of S, N, and C atoms, triple-plus single polarization functions for the s orbital of H, double-plus single polarization functions for the p orbitals of S, N, and C, as obtained with an energy shift of 5 meV. 24 The integrals of the self-consistent terms of the Kohn-Sham Hamiltonian are obtained with the help of a regular real space grid in which the electron density is projected. The grid spacing is determined by the maximum kinetic energy of the plane waves that can be represented in that grid. In the present work, we used a cutoff of 250 Ry. The Brillouin zone ͑BZ͒ was sampled using grids of 3ϫ9 ϫ2, 4ϫ7ϫ2, and 2ϫ3ϫ1 k points 25 for the determination of density matrices and partial densities of states of TTF-TCNQ, TTF, and TCNQ, respectively. Sets of 23 000, 24 000, and 10 000 k points were used for determination of the total densities of states of TTF-TCNQ, TTF, and TCNQ, respectively. The above-mentioned methods have been applied to the electronic structure study of other organic conductors, and proved to give highly accurate results.
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IV. RESULTS AND DISCUSSION
A. Theoretical band structure close to the Fermi level
Before looking at the unoccupied levels region of the band structure let us consider how the present calculations describe the region around the Fermi level. Because of the molecular nature and the relatively large unit cell, the correct description of the electronic structure of TTF-TCNQ ͑as most of the molecular conductors͒ is still a challenge from the computational viewpoint. Initial first-principles calculations by Starikov 27 as well as Kasowski et al. 28 are in contradiction with some of the symmetry requirements of the crystal structure and thus cannot be considered as satisfactory. Very recently, Ishibashi et al. 29 as well as Claessen et al. 8, 30 have reported band calculations by plane-wave pseudopotential methods for TTF-TCNQ, although these authors only consider in detail the region near the Fermi level. Before studying the XANES spectra it is thus interesting to consider how the present atomic orbitals band calculations compare with them for this region as well as its significance in discussing very recent photoemission studies. Fig. 2 is the calculated band structure near the Fermi level ͑origin of energies͒ along the a* (⌫ to X), b* (⌫ to Y ), and c* (⌫ to Z) directions of the reciprocal lattice. The room temperature and ambient pressure experimental structure was used in these computations. 3 There are two pairs of bands in the vicinity of the Fermi level. The bands pair up at the Y and Z points because there are two symmetry related chains of each type in the unit cell. The two upper bands at ⌫, located at ϩ0.12 and ϩ0.15 eV, are built from the TTF highest occupied molecular orbital ͑HOMO͒. In contrast, the two lower bands at ⌫ are built from the TCNQ lowest unoccupied orbital ͑LUMO͒, and located at -0.08 and -0.20 eV. This splitting, 0.12 eV, means that the TCNQ chains are not completely isolated within the solid and interact along the c direction ͑see Figs. 1 and 2͒. Although this coupling is not very strong, it may have some influence in the detailed shape of the Fermi surface because it is kept in the region of the Fermi level. The two TTF HOMO bands are practically degenerate all over the Brillouin zone except for the region of the weakly avoided crossing around the Fermi level. The bandwidth of the TTF HOMO and TCNQ LUMO bands along the chain direction are not very different: 0.62 and 0.73 eV, respectively. The value for the TCNQ LUMO bands is in reasonably good agreement with experimental estimations which are around 0.7-0.8 eV. 5, 31 However, the value for the TTF HOMO bands does not seem to follow commonly accepted ideas according to which the dispersion should be clearly smaller than that of the TCNQ LUMO bands. Experimental estimations suggest values around 0.4 -0.45 eV. 5, 31 Let us note, however, that high resolution photoemission experiments have suggested values which are considerably larger for both TTF HOMO ͑0.95 eV͒ and TCNQ LUMO ͑2.5 eV͒. 7 Analysis of the calculated PDOS shows that 61% of the electron density associated with the TTF HOMO originates from the four sulfur atoms, 22% from the two central carbon atoms, and 17% from the four outer carbon atoms. That is, the contribution of each of the four sulfur atoms is approximately 1.4 times larger than that of each of the central carbon atoms and approximately 3.7 times that of each of the outer carbon atoms, in agreement with usual molecular orbital ideas. As it will be shown later, the larger participation of the sulfur atoms in the HOMO will have direct consequences for the XANES spectra. The same analysis shows that the TCNQ LUMO is much more uniformly distributed along the molecule.
Shown in
Our results for the band structures are almost identical to those of previous work by Ishibashi et al. 29 and Claessen et al., 8, 30 despite technical differences between the three calculations ͑Ishibashi et al. use LDA and GGA within a planewave pseudopotential method, Claessen et al. use LDA within the LAPW approach, and we use GGA with atomic orbitals and pseudopotentials͒. Let us note, however, that the use of atomic orbitals in our approach requires a considerably smaller computational cost.
We have also considered how this description of the electronic structure depends on pressure and temperature. Thus, we have carried out computations using the crystal structure at 60 K, 32 nearby the Peierls transition, as well as at room temperature and 4.6 kbar. 33 The calculated band structures are shown in Fig. 3 . Except for an expected increase in the dispersion along the chain direction ͑of the order of 15% for TTF and 7% for TCNQ for both the above-mentioned pressure and temperature variations͒, there are no noticeable changes in the band structure. We have also carried out a minimization of the structure using the cell constants at room temperature and ambient pressure, and the results are very similar. Thus, we conclude that the present view of the partially filled bands of TTF-TCNQ is quite stable to temperature and pressure effects except for the expected slight increase in the dispersion along the chains direction. The main difference between the DFT description and the currently accepted view of these partially filled bands is the larger dispersion of the TTF HOMO bands and the slightly lower one dimensionality of the TCNQ bands.
There is also a difference in what concerns the charge transfer . X-ray diffuse scattering studies have shown that ϭ0.55 electrons/molecule at room temperature and 0.59 at low temperature near the Peierls transition. 34 In contrast, the calculated at room temperature is 0.74 and practically does not change with pressure or temperature. Similar values ͑0.70-0.72͒ were reported by Ishibashi et al. 29 It is not clear if this overestimation of and the larger calculated dispersion for the TTF HOMO bands are related. Let us note that 4k f (k f is the Fermi wave vector͒ fluctuations associated with the TTF chains have been observed in x-ray diffuse scattering experiments 34 suggesting that electron correlations are important for TTF but less for TCNQ. Thus it may well be that both LDA and GGA approaches to DFT lead to a slightly better description of the TCNQ chains than the TTF ones. However, let us note that just a shift of the order of 50 meV of the TTF HOMO bands with respect to the TCNQ LUMO ones would lead to the correct so that for the current purposes the disagreement is not really significant.
Finally, we also considered the possible effect of the surface structural relaxation on the band structure by carrying out a model calculation for the ab-plane relaxation. A geometry optimization of the outer layer while keeping the underlying ones fixed at the bulk geometry was carried out. The geometrical changes are not large and affect more the TTF than the TCNQ. They both change their inclination with respect to the ab plane but none of the two molecules undergo any rotational motion along the long molecular axis. Changes in the band dispersion along the chain direction are small, of the same order but slightly smaller than those due to thermal contraction or pressure reported above. The component of the Fermi wave vector along b* practically does not change. Consequently, at least in what concerns the ab plane, no noticeable changes in are expected at the surface due to the structural relaxation, in line with recent scanning tunneling microscopy results performed at cryogenic temperatures under ultrahigh vacuum.
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B. Electronic structure of unoccupied states
The crystal structure of neutral TTF (aϭ7.36 Å, b ϭ4.023 Å, cϭ13.922 Å, ␤ϭ101.42°) ͑Ref. 36͒ and TCNQ (aϭ8.906 Å, bϭ7.060 Å, cϭ16.395 Å, ␤ϭ98.54°) ͑Ref. 37͒ are shown in Figs. 4͑a͒ and 4͑b͒ and Figs. 5͑a͒ and 5͑b͒, respectively. Note that there are two molecules per repeat unit of the crystal structure for neutral TTF but four for neutral TCNQ. TTF contains one-dimensional stacks along the b direction where every successive molecule slides along the long molecular axis. These stacks are similar to those found in TTF-TCNQ. In contrast, neutral TCNQ does not really contain one-dimensional stacks as in TTF-TCNQ ͑see Fig. 1͒ but two-dimensional ones in the ab planes ͓see Figs. 5͑a͒ and 5͑b͔͒. The calculated band structures are reported in Figs. 4͑c͒ and 5͑c͒ for TTF and TCNQ, respectively. The calculated band structure for TTF-TCNQ in the same energy range is shown in Fig. 6͑a͒ . Note that the two TTF HOMO bands as well as the four TCNQ LUMO bands are well separated from the bands above and this leads to a well defined energy gap between the partially filled and empty bands of the TTF-TCNQ. Whereas the TTF HOMO bands are practically degenerate in TTF-TCNQ, they are not in neutral TTF, i.e., the interchain interactions are larger in the neutral compound. The dispersion of these bands along the chain direction is not very different in TTF and TTF-TCNQ.
In contrast, the structural origin of the spreading of the TCNQ LUMO levels is very different in the neutral and the salt compounds. Consequently, the appearance of the TCNQ LUMO bands is very different in the neutral and the salt compounds. However, note that the total spread of these levels in the neutral is only one third smaller than in the salt and, as far as the gross features of the density of states are concerned, the differences between the neutral and the salt are not very significant ͑see below͒. Similar observations apply for the upper bands and make directly comparable the XANES results for TTF-TCNQ and those for TCNQ. The calculated total DOS and PDOS for the relevant atoms of TTF-TCNQ, TTF, and TCNQ are reported in Figs. 6͑b͒, 4͑d͒, and 5͑d͒, respectively, and compared to the appropriate experimental XANES data. The S2p, C1s, and N1s XANES spectra for TTF-TCNQ, TTF, and TCNQ are also shown in idealized D 2h symmetry. For simplicity, the sulfur d orbital contributions have not been shown in these schematic drawings.
TTF-derived spectral features
Let us start considering neutral and charged TTF. The experimental spectra for S2p corresponding to neutral TTF is not quite structured whereas that for charged TTF is. The S2p lines are composed of two spin-orbit splitted components 2p 3/2 and 2p 1/2 separated by 1.1 eV, 38 so that the S2p XANES spectra consists of the superposition of both contributions. The opposite trend is observed for N1s in TCNQ, with narrower spectral lines in the neutral state as compared to the TTF-TCNQ salt. On the other hand C1s XANES spectra show well-defined features for both neutral and charged TTF and TCNQ. The explanation indeed stems from the charge transferred upon formation of the TTF-TCNQ compound from the donor TTF to the acceptor TCNQ. The extra charge that is allocated within the TCNQ electronic structure broadens its electronic levels, whereas the loss of charge in TTF narrows the line shape of the corresponding states. The narrowing of the TTF spectral width corresponds to an in- crease of the core-hole lifetime in the excited state that occurs when charge is transferred to form the salt. Since the charge is transferred from the TTF HOMO, which mainly derives from the sulfur atoms as mentioned before ͓see Fig.  4͑d͔͒ , the line narrowing is specially important in the S2p XANES. This is thus a rather direct but qualitative method to experimentally determine the influence of charge transfer on the unoccupied electronic states close to the Fermi level.
The calculated DOS and the C and S PDOS of TTF can be quite simply understood. Let us note that for the energy region of interest here, i.e., up to approximately 5-6 eV, the C PDOS is clearly dominated by the p-type contributions with the s-and d-type contributions being much smaller. However, for the S PDOS the weight of the d-type contributions become considerably larger. In fact, the d contributions extend over all the energy range of interest so that even if the p contributions dominate, there is always some d contribution of the appropriate symmetry and the levels are going to be visible in some degree in the S2p spectra.
The first unoccupied peak in the total DOS of neutral TTF ͓see Fig. 4͑d͔͒ lies around 2 eV of the TTF HOMO peak. Analysis of the PDOS shows that it is about two thirds S based and one third C based ͓note the different scales for each PDOS in Fig. 4͑d͔͒ . This peak originates from the a g orbital ͑see Fig. 8͒ , a -type orbital, which is essentially antibonding for all C-S bonds and to a lesser extent between all C-H bonds. The reason why it is the lowest lying empty orbital is that it mixes in C-C bonding contributions thus making the level less antibonding. The main character is C-S antibonding and this orbital will be labeled as * (a g ) and is noted in Fig. 7͑a͒ for charged TTF, where it is clearly observed. This feature is not observed in the C1s XANES spectrum of TTF ͓dashed line in Fig. 7͑b͔͒ as if transitions from an initial s-state to a final *(a g )-state were forbidden ͑see more about this later͒.
The next peak in the DOS of TTF ͓see Fig. 4͑d͔͒ , which is the most prominent one, is really the superposition of two contributions, a larger one at around 2.5 eV above the HOMO maximum and a smaller one, appearing as a shoulder slightly below. This is also the case for the C and S PDOS. The two contributions originate from -type orbitals of TTF. The lower contribution originates from the b 3g orbital lying at 2.58 eV from the TTF HOMO ͑see Fig. 8͒ . The large peak slightly above originates from the pair of a u and b 2g orbitals in Fig. 8 , which in the molecule are very near in energy ͑i.e., at 2.94 and 3.07 eV from the HOMO͒ and thus appear as a single peak in the DOS. The associated feature will be labeled as *(b 3g ,a u ,b 2g ), and it can be observed in the XANES curves for both S2p ͑since it has a significant d character in the S atoms͒ and C1s (s→* transitions in C are allowed͒ spectra.
The next three peaks in the DOS ͓see Fig. 4͑d͔͒ ͑seen as two peaks and a shoulder͒ are due to -type orbitals. The first one is due to the lower b 2u orbital of Fig. 8 , which lies at 3.26 eV from the HOMO in the molecule and is another antibonding C-S level which will be labeled *(b 2u ). The two next peaks originate from two orbitals which are quite similar in energy in the molecule: the b 3u and upper b 2u orbitals of Fig. 8 , which lie at 3.61 and 3.86 eV from the HOMO in the molecule. These two orbitals are also C-S antibonding but include also some C-C antibonding character and will be termed as *(b 3u ,b 2u ). Note that for the C1s spectrum of neutral TTF the *(b 2u ) and *(b 3u ,b 2u ) orbitals are clearly observed although we suspect that in the latter case it is mostly because of the b 2u contribution and that transitions from an initial s state to a final *(b 3u ) state are also forbidden ͑see below the discussion of the N1s spectra of TCNQ͒.
It is important to note that although not shown in Fig. 8 , the lower b 2u orbital contains a sizeable contribution of the appropriate symmetry adapted combination of d z 2 orbitals of the S atoms. This is not the case for any of the orbitals considered up to now. This observation will be important in order to understand the angular variation of the S2p spectra. A similar analysis of the higher energy region of the DOS, which contains different C-S * , C-C * , and C-H * contributions, will not be pursued here since the spectra do not exhibit too much structure. Our S2p XANES spectra of TTF-TCNQ ͓Fig. 7͑a͔͒ closely resembles the S2p inelastic electron scattering spectra from Ristko et al. 10 However, in that work no individual assignment to the experimental features is done and on the basis of semiempirical type calculations it is argued that the orbitals involved exhibit b 3u , b 2u , a 1g , and b 1g , symmetries, only in partial agreement with the present work.
The origin of the different peaks of the TTF-TCNQ S PDOS ͓Fig. 6͑b͔͒ can be understood exactly as for the neutral TTF ͓Fig. 4͑d͔͒. This is not that surprising since the TTF 1D stacks in the two solids are very similar and TCNQ does not possess S atoms. Summarizing, the first peaks above the Fermi level in the S PDOS of Fig. 6͑b͒ ͑note that the third and fourth peaks almost collapse into a single one͒ originate, respectively, from *(a g ), *(b 3g ,a u ,b 2g ) ͑the two peaks which were seen as a peak and a shoulder for TTF appear as a single peak now͒, *(b 2u ), and *(b 3u ,b 2u ) ͑which now appear as separate peaks͒ orbitals of TTF ͓see Fig. 7͑a͔͒ . The differences found in the energies of the peaks in the XANES spectra compared with the peaks in the calculated PDOS are in part due to the fact that the calculated PDOS corresponds to the electronic structure of the ground state while the XANES spectra to the excited-state with a core hole. 39 Discrepancies in intensities may arise from ͑i͒ neglecting the S2p spin-orbit splitting in the calculations, ͑ii͒ the experimental geometry ͑relative position of E with the molecular orbitals͒, and ͑iii͒ to unidentified selection rules ͑see discussion below͒. Figure 10 shows the XANES spectra as a function of the incidence angle for the oriented TTF-TCNQ films. For ϭ0°and close to 90°E lies parallel and perpendicular to the molecular ab plane, respectively. The planar geometry of both TTF and TCNQ molecules will strongly simplify the analysis. The most relevant trends in Fig. 10͑a͒ , corresponding to the S2p spectra, are the intensity reduction of the *(b 2u ) and the increase of *(a g ) with increasing . According to the geometry of the TTF molecules and their molecular orbitals ͑see Figs. 1 and 8͒ , the absorption intensity should exhibit a maximum when the light electric field coincides with the molecular plane, i.e., for large values. This is indeed observed for the *(a g ), but not for *(b 2u ). The reason for this behavior is that, as pointed out earlier, the *(b 2u ) feature exhibits significant d z 2 contribution, an orbital pointing perpendicularly to the TTF molecular plane ͑Fig. 1͒. Since the normal of this molecular plane forms an angle of about 60°with the direction perpendicular to the ab plane (c* direction͒, the d z 2 contribution to the XANES spectrum would be more evident for lower values and should be strongly reduced for large values, as experimentally observed. Similarly to the *(b 2u ) feature, *(b 3g ,a u ,b 2g ) should decrease at larger values of because of the orbital distribution. This behavior is not evident from the spectra because of the overlap with *(b 2u ) but the intensity ratio between *(b 3g ,a u ,b 2g ) and *(a g ) decreases for increasing values, as expected.
TCNQ-derived spectral features
Let us now consider the neutral and charged TCNQ. Both the C1s and N1s spectra are quite well resolved ͓see Figs. 7͑b͒ and 7͑c͔͒. The PDOS of both N and C in the region of interest here are almost completely dominated by the p-type contributions. Looking at the TCNQ DOS in Fig. 5͑d͒ we can see four clear peaks above that of the LUMO band. The first peak, appearing at around 2.8 eV above the LUMO minimum, originates from the lower a u and the b 1u orbitals of TCNQ ͑see Fig. 9͒ , which for the isolated molecule lie at 2.55 and 2.65 eV from the LUMO. These -type orbitals *(a u ,b 1u ) are quite strongly concentrated on the benzenic region ͑small contributions are not shown in the schematic representations of Fig. 9͒ . These orbitals originate from the degenerate pair of lowest empty orbitals (e 2u ) of benzene, 40 which only slightly delocalize towards the substituent in TCNQ. The next two peaks are associated to the CN groups. The first one contains the contribution of the bands based on the a g and b 3u orbitals of TCNQ lying at 3.51 and 3.63 eV from the LUMO, and will be labeled *͓ (a g ,b 3u )͔ ͑see the next paragraph for notation͒, while the second peak contains the contribution of bands based on four orbitals of TCNQ lying at 4.55 (b 3g ) and 4.66 eV (a u ), labeled as *͓(b 3g ,a u )͔, and 4.77 (b 1g ) and 4.86 eV (b 2u ), labeled as *͓(b 1g ,b 2u )͔, from the LUMO ͑see Fig. 9͒. Essentially, the *(a g ,b 3u ) and *(b 1g ,b 2u ) orbitals are the four symmetry adapted combinations of the inplane * orbitals of the CN groups.
It is important to distinguish between the two * orthogonal orbitals of the CN group. They are degenerate for CN itself because of the cylindrical symmetry but become nondegenerate in TCNQ. Because of the symmetry plane of the molecule, the two formally degenerate orbitals lead to one in-plane * orbital, denoted as *() because it is an antibonding orbital which is symmetrical with respect to the molecular plane even if locally it is a -type orbital, and one out-of-plane * orbital, denoted as *() because it is an antibonding orbital which is antisymmetrical with respect to the molecular plane and is locally a -type orbital. The four *() orbitals lead to four symmetry adapted combinations which are the main components of the four molecular orbitals. Two of them are lower in energy *͓(a g ,b 3u )͔, because they are symmetrical with respect to the C 2 axis along the long molecular axis and they exhibit positive overlap between the C components of the two adjacent *() orbitals. This lowers considerably the energy. The other two orbitals are based on the b 1g and b 2u orbitals *͓(b 1g ,b 2u )͔ ͑see Fig. 9͒ . These orbitals are the two remaining symmetry adapted combinations of the *() orbitals. By having negative overlap between the C component of the two adjacent *() orbitals they lie now around 1 eV higher in energy than their a g and b 3u counterparts ͑see Fig. 9͒ . The *͓(b 3g ,a u )͔ orbitals are two of the symmetry adapted combinations of the *() orbitals. By being symmetrical with respect to the C 2 axis along the long molecular axis, the orbital of the central C atom of the C(CN) 2 substituent cannot mix into these symmetry adapted combinations and thus the *() orbitals practically do not delocalize toward the benzene ring.
Before concluding let us note that the next peak, at approximately 5.6 eV from the LUMO minimum, arises from a -type orbital delocalized all over the molecule but originating from the highest -type orbital of benzene (b 2g ). 40 Superposed to this contribution there is a second one, of type and also localized on the benzene moiety, whose main character is C-H antibonding. However, since this orbital is of a g symmetry, we suspect it does not lead to any feature in the experimental spectra ͑see below͒. Thus, the first and forth peaks are considerably more concentrated in the benzene ring whereas all other peaks are strongly based on CN * orbitals. This is clear from the comparison of the C and N PDOS. The higher energy region of the DOS contains the contributions of several quite delocalized -type orbitals containing C-C * , C-H * , and C-N * contributions, the lowest one of which leads to the next feature in the TCNQ spectra, whose analysis will not be pursued here.
The origin of the different peaks of the N PDOS of TTF-TCNQ ͓Fig. 6͑b͔͒ can be understood exactly as for the neutral TCNQ ͓Fig. 5͑d͔͒. As noted in the discussion of the band structure, there are really no structural reasons for this, but the molecular nature of TCNQ and TTF-TCNQ makes that the differences in the packing do not induce differences in the band topology, which lead to noticeable changes in the DOS. Again, small variations in energy differences between some of the peaks in TCNQ and TTF-TCNQ arise from the differential effect induced by the charge transfer ͑and to a minor degree from the structural differences͒. The origin of the peaks for the C1s and N1s spectra of TCNQ is shown in Figs. 7͑b͒ and 7͑c͒ , respectively. Note that the contribution of *͓(a g ,b 3u )͔, which should appear ͓see the dotted line in Fig. 7͑c͔͒ in between those of *(a u ,b 1u ) and *͓(b 3g ,a u )͔ϩ*͓(b 1g ,b 2u )͔, both clearly visible in the N1s spectra, does not appear at all. That, the larger peak in the N1s spectra is partially associated with *͓(b 1g ,b 2u )͔ is clear not only from the energy separation from the first peak but, more importantly, from the angular dependence of the peaks, as discussed next. Figures 10͑b͒ and 10͑c͒ show the angular dependence of the C1s and N1s XANES spectra, respectively. The most salient feature of Fig. 10͑c͒ is the intensity increase of the *͓(b 3g ,a u )͔ϩ*͓(b 1g ,b 2u )͔ peak for increasing values. However, the benzenic-type *(a u ,b 1u ) and *(b 2g ) peaks remain nearly unchanged. For TCNQ the C 2 molecular axis forms an angle of about 36°with the c* direction. Since CN bonds form an angle of 60°with this C 2 molecular axis within the molecular plane ͓see Fig. 1͑a͔͒ , the intensity associated to *͓(b 3g ,a u )͔ should increase for larger . However, the intensity associated to *() orbitals, the benzeniclike orbitals and *͓(b 3g ,a u )͔, should exhibit the opposite behavior because they are perpendicular to the *() orbitals. From Fig. 10͑c͒ it is clear that the *͓(b 3g ,a u )͔ϩ*͓(b 1g ,b 2u )͔ peak increases with regard to the benzenic-type orbitals for increasing values because of the increasing *() and decreasing *() contributions. The same arguments apply for the *͓(b 3g ,a u )͔ϩ*͓(b 1g ,b 2u )͔ C1s peak ͓Fig. 10͑b͔͒, which indeed increases for increasing angles. In the case of TTF *(b 3g ,a u ,b 2g ) ͓Fig. 10͑a͔͒, its intensity decreases for increasing angles, which is again ascribed to the character of the bonds as pointed out earlier ͓see discussion above for S2p XANES spectra and note that in Fig. 10͑b͒ the intensity decrease is more readily patent than in the S2p case of Fig. 10͑a͒ because of reduced overlap͔.
In view of these observations we are quite confident on the appropriateness of the assignations in the N1s spectra of Fig. 7͑c͒ . This leads to the intriguing observation of the absence of the *͓(a g ,b 3u )͔ contribution in the N1s XANES spectra of both neutral TCNQ and TTF-TCNQ. Let us now note the absence of precisely the a g and b 3u contributions in the C1s spectra of TTF discussed above. However, the C1s XANES spectrum of TCNQ shows some intensity in the *͓(a g ,b 3u )͔ region "between *(a u ,b 1u ) and *͓(b 3g ,a u )͔ϩ*͓(b 1g ,b 2u )͔…. This is due to the significant d contribution from carbon for neutral TCNQ while nitrogen contributes negligibly. Thus, it seems that in addition to the intraatomic selection rules there are additional restrictions behind the possibility of observation of certain features of the DOS in molecular materials like those discussed here. We have no appropriate explanation for this interesting observation which certainly calls for both theoretical and experimental additional work ͑for instance the detailed comparison of the N1s XANES spectra of appropriate mono-and di-cyanosubstituted systems could bring some light into this problem͒. Our molecular orbital assignation to the N1s XANES spectra differs from that of Ritsko et al. 10 mainly because of their lower experimental resolution, which results in a single peak in the inelastic electron scattering spectra, which they assign to have b 3u , a 1g , and a 1u symmetry. Additionally, the origin of the two lower energy C1s XANES features ͑at around 284 eV͒ for both neutral TCNQ and TTF-TCNQ is also uncertain. No peaks are associated in the predicted PDOS in this region ͓see Figs. 5͑d͒ and 6͑b͔͒ and no instrumental artifacts are expected ͑i.e., higher-order light from the monochromator͒. Contribution from interfacial states ͓at the TTF-TCNQ / KCl͑100͒ interface͔, which can be clearly distinguished in XANES spectra, 41 can be ruled out because of the large film thickness ͑around 1 m). The presence of both peaks might be related to the excited state nature of the absorption process but we are unable to be more precise on this point. Figure 11 shows the C1s XANES spectra taken at different incidence angles (0°, 40°, and 70°) and measured at 10 and 300 K, respectively. No relevant changes are observed upon undergoing the Peierls transition (ϳ55 K), except for large values of , evidencing that XANES mainly explores the molecular contribution to the electronic structure. This is in line with XANES experiments on perylene crystals, where the spectra look very similar for both ␣ and ␤ polymorphs, which exhibit differentiated structures. 41 The conduction barrier energy or activation energy ⌬ of the films is ⌬ Ͼ30 meV as determined from resistivity measurements and the Peierls transition has been only observed for TTF-TCNQ films with ⌬Ͻ25 meV. The reduction of ⌬ is intimately related to the reduction of the grain boundary density.
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C. Electronic structure of occupied states
The electronic structure of the occupied states of TTF-TCNQ has been experimentally determined for single crystals [7] [8] [9] and thin films prepared under the same conditions as those reported here 42 by means of ARPES performed at sample temperatures below 100 K. In the case of single crystals dispersion along the ⌫-Y direction is clearly observed together with extremely low spectral intensity at the Fermi level, a common property of quasi-1D materials. 43 Due to the surface stability of oriented thin TTF-TCNQ films in air, ex situ grown films do also exhibit band dispersion. In addition to the 60 meV pseudogap already observed in the metallic phase in the single crystal samples about 50 meV shift is observed due to contamination and nonstoichiometry at grain boundaries. In thin films the band dispersion is also observed, even with the overlap of both a and b directions in the films ͑see Sec. II͒, because of the shape of the band surface in reciprocal space, which may be approximated by a sheet in E vs ⌫-X, ⌫-Y space with ‫ץ‬E/‫ץ‬k a * ϭ0 and ‫ץ‬E/‫ץ‬k b * 0, where E represents the band energy and k a * and k b * stand for the wave vectors along a* and b* directions, respectively. 44 The x-ray photoelectron spectroscopy ͑XPS͒ analysis of single crystals and films reveals that charged and neutral TCNQ may coexist at the surface, either dynamically, if the conversion period is larger than the characteristic time of the photoexcitation process, or static, in the case of incomplete charge transfer or contamination. 9, 42 The coexistence of bulk charged and neutral species has been confirmed for the quasi-1D organic conductor diperylene hexafluorophosphate as determined by high-resolution nuclear magnetic resonance ͑NMR͒. 45 In the case of thin films neutral TCNQ is probably allocated at grain boundaries. Band dispersion is only observed at cryogenic temperatures because of the considerable vibration of the surface molecules in ultrahigh vacuum at room temperature. These surface thermal vibrations, caused by a small surface Debye temperature, smaller than 160 K, the bulk value, 46 induce a reduction of . According to our band calculations ͓see Fig.  5͑c͔͒ neutral TCNQ should contribute with energy states at about 0.8 eV binding energy ͑the Fermi level is taken half- FIG. 11 . C1s XANES spectra of TTF-TCNQ taken at incidence angles ͑a͒ ϭ0°, ͑b͒ ϭ40°, and ͑c͒ ϭ70°. Black and gray lines correspond to 300 and 10 K, respectively.
way of the HOMO-LUMO gap͒. A band at this energy is found for both TTF-TCNQ single crystals and thin films.
The ARPES spectra may be thus divided in three regions ͑i͒ 0рEр0.5 eV, ͑ii͒ Eϳ0.8 eV, and ͑iii͒ Eϳ1.5 eV. Regions ͑i͒ and ͑iii͒ agree with most of band calculations 8, 29, 30 including the present work and discrepancies arise when considering region ͑ii͒. If the 0.8 eV peak could be ascribed to the presence of neutral TCNQ on the surface, the only major contribution from the one dimensionality would be the strong reduction of electronic states at the Fermi level. In our opinion the separation of spin-charge suggested by Claessen et al. 8 cannot be concluded only from the ARPES experiments.
V. CONCLUSIONS
The electronic structure of the unoccupied states of neutral TTF and TCNQ as well as of the quasi-1D charge transfer salt TTF-TCNQ has been experimentally determined by means of XANES and compared to DFT calculations. Since the intermolecular interactions are weak the electronic structure of molecular solids is mainly determined by the molecular character, so that the energy levels are essentially given by the molecular orbital energies. The use of synchrotron radiation allows the determination of the PDOS because of the element selectivity of x-ray absorption and the determination of the spatial distribution of the molecular orbitals due to the polarization of the synchrotron light. State of the art DFT computations have been used to calculate the band structure, DOS, and PDOS of TTF, TCNQ, and TTF-TCNQ. The partially filled bands of the 1D metal TTF-TCNQ have been characterized and then compared with recent theoretical studies. An in depth discussion of the origin of the different features of the unoccupied DOS of the three materials, TTF, TCNQ, and TTF-TCNQ, has been possible. The combined experiment-theory study has permitted the assignation of most of the experimentally obtained features to molecular orbitals of specific energy and symmetry. Thus, a complete description of the nature of the states from the Fermi level up to approximately 6 eV above is obtained. It is observed that the contributions associated with molecular orbitals of specific symmetry (a g and b 3u in D 2h ) are not observed in the XANES spectra, despite being clearly visible in the calculated DOS. This suggests that there are selection rules still not well understood for materials structurally as complex as TTF, TCNQ, and TTF-TCNQ. More work on carefully chosen molecular materials ͑i.e., based on molecules with symmetry lower than D 2h ) is clearly needed in order to progress along these lines.
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